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AERODYNAMIC CHARACTERISTICS OF A WING WITH FOWLER FLAPS
INCLUDING FLAP LOADS, DOWNWASH, AND CALCULATED EFFECT ON TAKE-OFF

By ROBEETC. PLAm

SUMMARY

Thi.ereport pre8ent8the re8ult8of an invediga-tbnin

the N. A. 0, A, 7- by 10#oot wind tunnel of a wing in
combinationwith eachof threetiz.s of Fowlerjlup. 17w
purpo80 of the investigation W# to determine the aero-
dynamic churacteristia aa a$ected by jap chord and
poeiiion, the air baa% on the3?ap8, and the ejhct of the
jhp8 on the downwah. Thejap po8iti0nfor mak-imum
li~; polar8 for amangemd8 coiwideredfavorable for

take-o~; and cornptie lift, drag, and Pi.tching+unn.d
churacten%timfor selectedoptimum arrangemeniewme
determined. A Clark Y wing model m tested &h 90
percent c, 30 perceti c, and 4.0perceM c Fowh@p8 of
(l!ark Y twction. Certain additiona-1datafrom curlier
teeto on a similur model equipped with the 40 percent c
Clurk Y @p are includedfor compation. R& of
calculatwu made tojind the efect of the Fowlerjap on
take-o$, bawl on datafrom thae twte, are included in
an appendix.

The maximum lift coeficieni obtainable, bawd on
original wing area, M a nearly linear increme with
flap chord up to 40 percent, but the maximum li$ force
per unti of total are-a incremed wry little beyond the
valueobtairwdwiih the 30 perti c~p. The maximum
load on the flap occurred very nearly at the maximum
lift of tlu wi~-+?ap combination and waa nearly 1’/9
timm the load thatWOUMreeulij%m uniform dt%ribwii.on
of the total load over the totul area. In general, thejap
appeared to carry a large proportion of the addM.Onal
lift cawed by de pre+wnceand to haveh cenier of pm.esure
much nearer the Wing edge than ii would rwdy be
in free aw. The addition of the Fowler jlap to a wing
appeared to have no appreciable e$ect on the relation
between li$ coejbient and angle of downwaeh. The
ca.hdaiti in the appe?uk 8h0wthat,by proper w.8eof
tlw Fowler@p, the tuke-oy7of an airpliznehaving wiw
and pow lixxiing8in tlwrange nmnaUy tmcounieredin
tranaportairphmea 8hmd.dbe considerably impnn%d.

INTRODUCPION

During the past few years the use of flaps on high-
performance airplane-sas a device for reducing space
required in landing has become common. Thus far
split flaps have been most generally used, probably

because of their simplicity of application and thti
superiority in giving steep gliding approaches and short
lading runs: the features of flaps with which desiggers
have been most concerned. In order to n%ain satis-
factory operation from normal flying fields with fast
airplanes, however, the use of high-lift devices that
improve tie-off as well as landing is dmirable. Since
drag is unfavorable to take-off, the comparatively lmge
drag of split flaps plama them among the least promis-
ing of high-lift devices in this respect. The Fowler
flap appears to offer a better compromise between these
conflicting requiremcmk. For equal sizes it will give
higher maximum lift with no higher profile drag than
most other flap arrangements and its comparatively
low drag at high lifts is favorable to take-off and steep
climb. This effect would normally entail some sacri-
fice of steep gliding ability.

Although sufficient data to form some estimate of
the performance to be expected from an airplane
equipped with Fowler flaps are available (references
1 and 2), they are inadequate for normal design pur-
poses. The purpose of the tests reportad herein is to
provide data to form a rational basis for the design of
airplanes equipped with Fowler flaps. It appeara that
for the present the purpose will be attained by making
available the following information: effect of flap size
on aerodynamic characteristicsattainable,aerodynamic
loads applied to the flap in various conditions, and
effect of the flap on downwash. In addition, a con-
veniaut method of estimating the effect of high-lift
devices on airplane take-off should prove of assistance
in cases where this performance feature merits special
attention.

The tests were made in the 7- by 10-foot wind tunnel
of the N. A. C. A. (reference 3) at Langley Field, Vs.,
during the summer and fall of 1934.

MODEL

The basic wing was built of laminated mahogany to
the Clark Y proii.le (table I) and had a span of 60
inches and a chord of 10 inches. The hailing edge
was cut away and the upper surface replaced by a thin
curved metal plate. me lower surface was left open
at the rear to serve as a retracting well for the flaps.
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Blocks were inserted to maintain the correct size of
well for each size of flap twted. Figure 1 shows the
profle of the wing with the various flaps in place.

The two smaller flaps were made of duralumin to
the Clark Y proiile and had spans of 60 inches and
chords of 2 and 3 inches. The largest flap, which is
the one described in reference 2,.was made of mahogany
and had a 4-inch chord. The flaps were supported on
the wing by fittings attached to ribs located in the
retracting well. Severed sets of attachment liolw in
the ribs, combined with several sets of fittings, gave
the range of flap positions shown in iignre 1. The flaps
were supported on the fittings by hinges located at the
center of the leading-edge arc of the flaps, fmgular
adjustment being obtained by set screws attached to
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the flap moving in quadrantal elot9 in the fittings. In
general, where the term “flap position” is used, the
position of the flap hinge axis is indicated, heapective
of angle, and flap angle is measured between the chord
linw of the wing and the flap.

TESTS

Five groups of tests were made in obtaining the
data presented in this report. These five groups dealt
with maximum lift, optimum flap arrangement for
take-off, standard force tests of optimum arrange
ments, flap loads, and dowmvash behind the wing with
various flap arrangements.

Maximum Mt.-The maximum lift coeflicienti
obtainable with the 0.20 c and 0.30 c flaps at various

positions shown in figure I were found by tests in
which the flap angle was increased from 20° in 10°
steps until the peak of the variation of 6’LHmwith flap
angle was defined for each position, The range of
positions in both cases was snflhient to surround the
point at which the l@hest lift coefficient was found,
thus isolating an ofitimum position in each case.
Similar surveys had previously been made with the
0.40 c flap (reference 2) and were not repeated at this
time.

Optimum take-off arrangement.-Lift and drag
data were taken at a range of flap angles between 0°
and that giving maximum lift for a series of flap posi-
tions somewhat more restricted than the range used
in the masinmm-lift tests. Care was exercisedin these
teats also to surround what was judged to be the
optimum setting, both as regards position and angle.

Standard force tests of optimum arrangements.—
A seriesof final force tests, consisting of lift, drag, and
pitching-moment measurements, was made at the flap
positions considered to be of special interest. Theso
included tests of the maximum-lift arrangement of
each flap, of the optimum take-off arrangement of
each flap, and of an arbitrarily selected arrangement
representing partial retraction of each flap.

All tests in these iirst three groups were conducted
in accordance with standard force-test procedure as
described in reference 3.

Flap loads,—Air loads acting on the flaps were
found by supporting the flaps independently of the,
wing, at the same position and angle as used in the
iinal force tests of the wing-flap combinations, and by
measuring the forces on the wing alone in the presence
of the flap. The flap loads could then be readily com-
puted. In order to find the center of pressure of the
load on the flap, the flap hinge moment was measured
by observing the angular deflection of a long slender
torque rod required to balance tho flap at the angle in
qu~tion. Similar measurements of Ionds and center-
of-prcswre locations on split flaps are more completely
described in reference 4.

Downwash.-hfeasnrements were made with “pito&
yaw” tubes attached to the wing by a rigid support.
The reference position thus moved in the air stream
as the angle of attack was changed but remained the
same with respect to the wing, as does the tail of an
airplane. The anglea of dowmvash, however, were
referred to the initial direction of the free air stream.
The apparatus could bo adjusted to various horizontal
distancea behind the wing. The pitot-yaw tubes were
ordinary round-nosed pitot tubes with two additional
nose holes at 45° above and below the tube axis.
Alcohol manometers were used to read the pressures,
and the tubes were calibrated in test position in the
clear-tunnel air stremn.

The wind tunnel is of the open jet, closed return
type, with a rectangular jet 7 by 10 feet in size. A
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complete description of the tunnel, balance, and
standard force-test procedure appears in reference 3.

Tests were run at a dynamic pressureof 16.37 pounds
per square foot, corresponding to an air speed of 80
miles per hour at standard sea-level conditions. The
Reynolds Number of the teats, based on the 10-inch
chord of the wing without flaps, was approximately
609,000.

PRECISION

The accidental errors in the results presented in this
report are believed to lie within the ‘limits indicated
in the following table:

mng (hlta Flap lead data Dowmvash data

a . . . . . . . . . . . . . . ..M. UY c;,----- —--.* 10 L-.--...-.-*. P
0’ ............*C5 cx;-..-----_.--&m

m.=

c.a,r-...-.-..+.cm c~,---- ........+. C04

UD(CL-OL.... ..*031 FlnPar@-.-_2&2&

CD (CL-l) . . . . . ..&m Flnp@tlon..-.+.a C.

OD (cL-m-.---A.@M
FlaP nnule- . . . . ..a% 25°

FtfIp position.-.-+. CC16c

Consistent diflerenccs between results obtained in
the 7- by 10-foot wind tunnel and in free air may be
aecribed to effects of the following factors: Jet boun-
daries, static-pressure gradient, turbulence, and scale.
In order that the present results be consistent with
published results of tests of other high-lift devices in
the 7-by 10-foot tunnel, no corrections for these effects
have been made. Corrections of several sets of airfoil
rcsulta have indicated that the values of the jet-
boundary correction factors, 6== –0.165, and &=
—0.165, used in the standard equations (cf. reference
S) are satisfactory for a 10-inch by 60-inch wing.
The static pre~ure in the jet decreases downstiemn,
producing an increment in 0~ of 0.0015 on normal
12 percent c thick rectangular airfoils. Evidence nt
present available indicates that the effect of the tur-
lndence in this tunnel is small as compared with the
other consistent errors.

RESULTSANDDISCUSSION

All test results are given in standard nondimensional
coefficient form. In the case of a wing with fLretrac-
table surface, the convention of basing coefficients on
the area that would be exposed in normal flight, that
is, the minimum area, has been adopted. The
coefficients used are then defined as follows:

subscript w refers to the basic wing

{
subscript refers to the flap

!l=?$.p n

o.=%
cm=pitih~‘oment

norn$i’%rce on fla
El%

erpendicular to flap

o~f=
co

Sfg

Cxf=longitudinal force on flap (along tip chord)
&!l

C.r=
flap @g e moment

5’, c, g
c, angle of downwash, degrees.
Maximum-1ift oondition.-The results of the maxi-

mum-lift tests are presented as contours
variations of C=.= with flap hinge position,

the of flap angle. Figures 2, 3, and 4 show
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(data from N. A.@. A., T. N. No. 419).

for the 20 percent chord, 30 percent chord, and 40
percent chord flaps, respectively. Data on the 40
percent chord flap are taken from reference 2, no
further tests having been considered necessary on that
size of flap after an analysis was made of the data for
the two smaller flaps. The optimum position i9 the
same for dl three flaps: 2.5 percent of the main wing
chord directly below- the trailing edge. The optii-
mum angle w-as30° for the 20 percent c flap and 40°
for the two larger flaps.

710WJ-3~2
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Variation of CL- with flap size ie shown in figure 5.

The maximum lift coeilicient increase9 approximately
in proportion to flap size if the area of only the original
wing is considered. This is a reasonably satisfactory
basis for comparison of the lading speeds of an air-
plane with various sizes of flap if a constant maxi-
mum speed is maintained. J-fthe maximum lift for~
that a wing will give at a oertain air sped per unit of
structural might is taken as a criterion, it is reasonable
to compare the various sizes of flap on the basis of total
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(wing-and-flap) area. On this basis there is olearly
little to be gained by using flaps larger than 30 percent c.

Lift, drag, and pitohing-moment data for the wing
with each of the three flap sizes, with the flap at the
setting for maximum lift, are given in &ure 6 and in
tables ~, ~, and V. Coefficients are based on the
area aud/or chord of the wing alone. The data for the
plain wing were obtained with the 20 percent chord flap
fully retractid into its well. (See table II.) It is
evident that an airpkmehaving a ilap of this type would
have a much larger range of center-of-prassure travel
between various flying conditions than would one with
a plain wing. It appears, then, that in a normal type
of 2-spar wing the eflect of adding a Fovder flap would

be to leave the from%spardesignload the same as for the
wing without a flap but to increase considerably the
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designloads on the rear spar. If the speed at which the
airplane may be flown with flap extended be limited
to a value reasonably in ex,ws of its landing speed, it
appears likely that the loads with flap extended
would be reduced to the same magnitude as the largest
loads with flap retracted, with flap sizes not in excess
of 30 percent c. On this basis it appeam that a wing
with a I?owler flap as wide as 30 percant c could be
constructed in which there would be no increase in the
weight of the wing stmmtureproper, the only additional
weight being due to the flap and its support horn the
Spree.

Take-off condition.—Investigation of wing-flap com-
binations to determine the flap arrangement most
favorable for take-off must involve consideration of
performance parameters of the airplane in question as
well as of the aerodynamic eflects of the lifting surfaces.
Concurrently with the tests, a series of take-off com-
putations was made with the purpose of developing a
~(t&Hfi c~~on” for wings based on aerodynamic
characteristics and depending on airplane design
factors to the minimum extmt possible. The applica-
tion of such a criterion to the data would then serve to
iaolatw the optimum flap arrangement for take-off.
The development of the criterion, and associated data,
axe presentid in an appendix to this report.

As the teats and computations progressed, it was
found that some general considerations would serve to
isolate the optimum arrangement, without recmrse to
a rigorous criterion. The computations indicated
that normal transport airplanesshould take off at a lift
cmflicient greater than 70 percent of the maximum
available to achieve the shortest run to clear an obsta-
cle, They also indicated that the pticipal aerody-
namic charactaristim aflecting take-off, high lift
available, and high L/D at the high lift are of nearly
equal importance.

The wind-tunnel data, plotted as polar curves, are
presented in @urea 7 ta 10 for the 0.30 c flap and in
@ures 11 to 15 for the 0.20 c flap. Comparison of
these curves on the basis of the considerations previ-
ously stated indicated the flap position 0.025 c directly
below the trading edge of the wing, with an angle of
30°, to be the optimum take-off mrangement for both
flaps. At this setting each flap has as high ratios of
L/D throughout the high-lift region as any other setting
&ted, within the limits of accuracy of the teats, and
has a higher ~“mum lift coefficient than any other
settinghaving ashigh ratios of L/D. The 40° setting of
the 0.30 c flap, at this same position, gives a higher
maximum lift and lower ratio of L/D than the 30° angle,
the percentage difference in L/D being greater than
that in maximum lift. Computations (see appendix)
verify the conclusion based on the general considera-
tions, that the 30° angle is better with this flap.

Lift, drag, and pihhing-moment data for the wing
with each of three sizes of flap, with the flap at the
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optimum setting for take-off, are given in figure 16 and
in tables III, VI, and VII. The choice of the position
0.025 c below the wing trailing edge, with a 25° angle,
as optimum for the 40 percent c flap is based on the
relation between optimum take-off setting and that for
maximum lift of the 20 percent c and 30 percent c
flaps. Although data for the 40 percent c flap are not
wfiioient for a rigorous seIection, comparisons of data
that are available (reference 2) indicate the choice to
be sufficiently near the optimum for practical purposes.

Partial retraction of flap.-Hft, drag, and pitcbing-
moment data for the wing with the 20 percent c,
30 percent c, and 40 percent c flaps in a partially
retracted position are shown m figure 17 and in tables
WII to XI. The settings were chosen by assuming
the flaps to move along an arc from the setting for
mtium lift or optimum take-off to the fully retracted
position. The flap hinges crossed the wing chord line
at the 90 percent c station, and the anglea at this posi-
tion were 15° for the 20 percent c flap, 20° for the 30
percent c flap, and 20° and 30° for the 40 percent c
flap. Comparison of the characteristics at this setting
with those at the maximum-lift setting shows that the
change of charackistics is in the same direction and
of the same order of magnitude as the change of flap
Betting.

Flap loads,—Curves of normal- and longitudinal-
force coefficients, hinge moments, and center-of-pres-
sure locations of the 20 percent c, 30 percent c, ‘and
40 percent c flaps in the maximum lift, optimum take-
off, and partly retracted settings are shown in figures
18 to 23. The corresponding data appem in tablea
III to XI. From the magnitude of the load carried
by the flap at high lift coefficients of the combination,
it is evident that the flap carries nearly lx times its
proportionate share of the total load. It appears that
this type of flap may be regrwded as a separate wing,
operating in an air stream whose combined velocity
and curvature increase considerably the load it carries
as compared with the load it would experience in the
free air stream. Comparison of load data for a split
flap (reference 4) and a Fowler flap clearly shows the
fundmnental d.iilerencein the action of the two flaps.
At high lifts, the split flap -“es almost no lift and
offers large drag; whereas the Fowler carries a large
proportion of the total lift, but with less drag.

Although this condition is favorable to airplane per-
formance, it implies a large range of center-of-pre5sure
positions for the complete flight range, with conse-
quent disadvantages in longitudinal-stability charac-
teristic and posaibly also in structure. In connection
with structural considerations it is interesting to note
that a progressive reduction in. flap loads occurs with
increasing flap size if the maximum angle is kept
below 30°.

At flap settings giving high maximum lift coefficients,
the center of pressure of the flap itself has little travel
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throughout most of the angle-of-attack range and is
generally nearer the leading edge than it would be on
anairfoil inafree air stream. Astheflap angleis
reduced below 30°, however, the center of pressure
moves rapidly backward.

Downwash,+%me representative data from the
downwash measurements are shown in iigures 24 and
25. Angle of downwash as a function of lift cceflicient
is shown for two positions behind the wing, with data
for the plain wing and for the same flap settings as

-.4 0 .4 .8 I-.2 /.6 2.0 /?.4 2.8
G

FIouaE24.-Downtiangle& ffft~ atapofnt-thawing.
Positfoaof polnti 2cbehfnd 0.25 chord Pointj MM blatadlyfrommaterI@ 0.6c
abomwingdmld.

wore used in the flap load tests plotted on each curve.
Only small consistent deviations from the mean curve,
within the limits of test accuracy, were found for the
variety of settings tasted. It appeam, then, that the
addition of a Fowler flap has no appreciable effect on
the basic relation between lift, span, and downwash at
reasonable distancea behind the wing.

The foregoing conclusion is subject to some ques-
tion owing to the doubtful nature of the je&boundary
effect on downwash in the 7- by 10-foot tunnel. The
corrections in this particular case differ considerably
from the theoretical corrections, probably on account
of the combined effect of statiepressure gradient in
the jet and spdlage of air over the unflared lip of the
exit cone. DifTercnt corrections for difFerent posi-
tions of the reference point in the air stream might
produce greater consistent difkences in downwash
between the plain wing and flap extended conditions
than are indicated by these tests, though this eifect
would be small unless,the variation of the corrections
with position is greai%rthan seems likely.

Although the extensive investigation required to
establish the corrections might produce results of
ncademic interest, certain effects of combining a
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variabldift wing with an airplane fuselage would
render the results of small technical value. Since a
large difference in angle of attack occurs at the same
value of CLWith different sett@& of the l?owler flap,
a large variation of fuselage attitude and lift at a
given wing lift coefficient remdts from changing flap
settings. Thus, at a given over-all lift coefficient of
the airplane, the lift coefficient and downwash of the
wing may be expected to change with flap setting.
The use of partial-span tips produces an effective
reduction of span as the flap is extended, causing an
additional change of downwash at constant lift ccefE-
cient with changing flap setting. It appeam that
problems involving downwash of variabldift wings
are more susceptible of solution by measurement on

-.4 0 .4 .8 /.2 1.6 2.0 2.4 Z8
G

PImm!K-Down~ angle agafimi lUt cdlldmt at a ~lnt bafdnd the wfog.

P&lcmof@nk 3cWdOB_@h0.Ubk-timmti~on

Chcud Una

theactual design in question, rather than by a fun-
damental wind-tunnel investigation.

CONCLUS1ONS

1. The maximum lift coefficients, based on area of
wing alone, found for the three sizes of flap tested
were: For the 20 percent c flap, 2.45; for the 30 per-
cent c flap, 2.85; and for the 40 percent c flap, 3.17.
The maximum lift coefficient for the wing with flap
retracted was 1.31.

2. The location of the flap leading edge for mtium
lift was found to be the same in all cases, the center of
the leadingdge arc being 2.5 percent c directly below
the trailing edge of the main wing. The flap angles
for maximum lift were 30°, 40°, and 40° for the
20 percent c, 30 percent c, and 40 percent c flaps,
respectively.

3. The 20 percent c and 30 percent c flaps were
found to give the characteristic most favorable to
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take-off with the same leading-edge location as for
maximum lift. The optimum angle was 30° in both
oases.

4. The maximum normal-force and longitudinal-
force coefficients of the 40 percent c flap, based on flap
area, were 2.89 and —1.25; those for the 30 percent c
tip were 3.06 and– 1.54; and those for the 20 percent c
flap were 2.80 and – 1.20. Ci3ntar*f-pres.w.re loca-
tions cmcesponding to the9e coefiicienti were in eaoh
case approximately at the 20 percent c flap chord
points.

5. At positions normally ocoupied by the tail
surfaces the relation between lift coefficient and
downwash angle appears from the present tests to be
the swne for a wing with or without a full-span l?owler
flap.

LANGLBY MEMORIAL AERONAUTICAL LABORATORY,

NATIONAL ADVISORY CONMImE FOR kIRONAUTICSj

LANGLEY FIELD, VA., ApriZ 26,1936.



APPENDIX

TAKE-OFF

The computations leading to the results presented
here were made concurrently with a more detailed set
of computations of the effect of various types of flap
on take-off, reported in reference 6. Only a brief
r6sum6 of the assumptions made and of the equations
used is given here, since they are identital except in
two minor respects with those of the foregoing
reference.

Assumptions.-The airplane is assumed to take
off in a calm, from a surface having a fiction coeffi-
cient of 0.05, and to maintain constant air speed after
leaving the ground until it clears an obstacle at an
altitude of 50 feet. Further assumptions are that the
airplane has a constant parasite-drag coefficient (ex-
cluding wing drag completely) of 0.023 over the full
angle-of-attack range and is equipped with an auto-
matic propeller giving maximum efficiency at top speed.
No allowance for induced drag at maximum speed is
made.

It is considered reasonable to neglect factora that
would be assumed to be the same in comparable cases.
On this basis the effects of wind, wind-velocity gradient
with height, proximity of the ground, and slipstream
over parts of the wing are excluded from the computa-
tions. In the di.mation of the effect of flaps this
assumption is conservative since wind, ground effect,
and slipstream are all more helpful to high-lift devices
than to normal wings, and wind-velocity gradient is
more helpful to the normal wing.

The only dMerences between the assumptions used
here and those of reference 6 are in the paxasite-drag
coefficient and in the attitude during ground run.
Ii’or the other computations the parasite coefficient was
0.020 rmdthe attitude giving minimum total nxistance
during ground run was used. This assumption re-
quired a negative rmgle of attack of the l?owler wing,
an attitude that is not feasible during the ground run
because of danger of nosing over or of damaging the
propeller. An angle of attack of 0° during the ground
run was used in the computations for the present
report.

Equations.-In order that the equations may rep-
resent correctly the processes occurring during the
take-off of an airplane over an obstacle, it is necessmy
to consider the take-off as divided into three phases:
ground run-a period of horizontal acceleration with
the weight partly wheelbome and partly airborne;
transition-a period of vertical acceleration to a steady
rate of climb; and the steady climb from the height
reached in transition to the height of the obstacle.

Subject
horizontal

to the limitations previously stated, the
distance covered during each of the phases,

may be computed from the following equations.
Ground run, feet:

w/s

Transition, feet:

(c=,=2 ‘1*9 1
P9 0) sin 8

Lmm— LT

Steady climb, feet:

--6H;_2wjs 1
P9 0) 1—COSO

D,=
Lmu— LT

tnn 0

is
The angle of climb o appearing in the last two phases
found from the relation:

( =+ CD=z,a O’*– Bw/hp. k1

The symbols appearing in the foregoing equations
are defied as follows:

P]

9,
k

Wjs,
wpp.j

%, %,

~LT, CDT,

A, B,

Hz,

airdensity, slugs per cu. ft.
acceleration of gravity, ft./see.*
ground fiction coefficient, assumed equal

to 0.05.
wingloading, lb. per sq. ft.
power loading, lb. per b. hp.
lift and drag coefficients at ‘angle of attack

maintained during ground run.
lift and drag coefficients corresponding to

V,, the speed at which the airplane
lwves the ground. It is to be noted that
the airplane must fly at a higher lift
coefficient than CLT during transition,
since the flight path is curved upward
and the speed remains equal to VT.

constanta expressing thrust of an automatic
propeller at low forward speeds. Thrust
=b. hp. (A–B p/2 ~). The constants
apply to any one airplane, and vary
with top speed among various airplanea.

height of obstacle, assumed 50 feet.
487
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The computations covered a range of wing loading
between 10 pounds per square foot and 30 pounds per
square foot and n range of power loading between 8
pounds per horsepower and 16 pounds per horsepower.
Eight combinations of wing and power loading, dmig-
nated “cases” and listed in table XII, together with
the corresponding airplane and propcdler characteris-
tics, were considered. In combination with the eight
cases, four wing conditions were taken w follows:

I. Plain wing; flap retracted.
II. 20 percent c flap; station, 100 percent c; ordi-

nate, –2.5 percent c; angle, 30°.
III. 30 percent c flap; station, 100 percent c; ordi-

nate, —2.5 percent c; angle, 40°.
IV. 30 percent c flap; station and ordinate, same as

for ICC;angle, 30°.
Polar cnrve9 for the +@ in the various conditions,

from the wind-tunnel data, are shown in iigure 26.
For each combination of airplane case and wing con-
dition, the take-off runs at four values of VT, corre-
sponding to lift coefficients of 60 percent, 70 percent,
80 percent, and 90 percent of o~.a for the wing
condition in question, were computed. The remdts,
showing total run required by the hypothetical air-
plane to reach an altitude of 50 feet in a steady climb
from a standing start with no wind, are presented in
table XIII. Table ~ shows corresponding values
of the ground run alone. ThiE table is included for
use in cases where the ground run alone, rather than
the take-off over an obstacle, is the factor @ be con-
sidered. The rcsndts are satisfactory for comparison
among themselves but should not be relied upon as
being accurate in an actual case. They are probably
conservative for an airplane with an automatic pro-
peller taking off from an average field with no wind.

Reprcaentative curves of total take-off run against
take-off lift coefficient (CL=) for several cases and
conditions are shown in Qyre 27. All the data of
table XilI were plotted in similar fashion and the
optimum value of oL~ was found for each case and
condition. The OptimWl l%tiO Of CLI-/CLmm W=

nearly constant for the various wing and flap con-
ditions at a given wing and power loding but varied
with wing and power loading. I?igure 28 shows the
optimum value of CLT/CLw as a function of wing and
power lodi.qg for the range covered in the computa-
tions.

Consideration of the analysis at this point indicated
that it might be possible to develop a general relation
between lift and drag which would give correct weight
to them two factors in take-off, independently of
0thf3rfaCtOrS. It appenrs that a ~tio CLn/(?Dwodd
place extra weight on lift in accordance with its extra
importance if a satisfactory value for n could be
determined. l?or each of the eight cases, the mini-
mum take-off run and the COme9pOndhgCL and CD
for each condition were plotted as in iignre 29. When
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the minimum take-off run z was divided by the
corresponding CD and plotted against CLon logarithmic
paper, the data for any case lay very nearly in a
straight line. The form of the equation for this func-

tion is ~=K C&nand, if K and n be expressed as
c.

functions of wing and power loading, a general take-off
Squation in very simple form is obtained. It will be
noted in iigure 29 that n is nearly constant over the
range of cases considered and that the average value

of n is – 2.4; that k, ~ = K CL-Z-4,which may bec.
reduced to the form KJz = CL-=”d/CD.This mtio may
be considered a “take-off criterion,” the value of total
tie-off distance of an airplane being inversely pro-
~ortiond to the value of CL~2”4/C~~for ite ~ at the

.Umtio of CL~/CL_ in qu@ion.

It will be noted that the curve for me W, having a
~“ loa@ of 20 ~d a power loading of 16, is not
included in iigure 29. The data are not directly
~pplicable in this case because the power available is
seriously h.wdequate to satisfy the assumption that
the airplane fly through the transition at its mtium
lift coefficient without loss of speed. Thus, the com-
puted runs are incorrect even Msnming the runs in
other cMes to be strictly correct as computed.

When using the criterion, it is first necessary to
select the ratio of C%/C- for minimum run from

Egure 28, depending on the approximate wing and
power loading of the design in hand. Then in order
to compare the take-off properties of different wing
Rnd flap combinations it is necessary to compare the
values of the criterion C+a.4/CDTwhere C% for any

wing-flap combination is the optimum fraction of We
c~u of that combination (obtained from@. 28) and
CDTis the corresponding drag coefficient of the com-
bination. The criterion should give satisfactory com-
parison between normal airfoils with or without high-
lift devices Some comparisons of cases selectid from
reference 6 have shown that the criterion gives a good
indication of the relative merits of the various devices
considered in talie+ff, although when used for other
devices than the I?owler flap the values of the criterion
we not inversely proportional to the take-off runs
within as close limits.

Development of the criterion was based on measured
CDof the wing ody, h ptit Comption of vtious
wings as tmtad in the wind tunnel without a body.
Variations in parasite drag of the rest of the airplane
will have small effect since the wing drag is a large
portion of the total drag at any lift coefficient near
CL_, particularly with high-lift devices.

The variation of total take-off run with wing and
power loading is shown plotted on semilogmithmic
paper in figures 30, 31, 32, and 33 for each of the four
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wingconditions. In tie last three iigures a portion o
the lima at the high power loadings is curved. Thi
curvature appeam to lie within the region indicated bj
a dotted line, which shorn the combined power am
wing loading at which the power available is insti
cient to satisfy the transition assumption at the instan
of leaving the ground. No correction has been mad
for this effect, but in table XIII an approximate correc
tion is noted opposite the points to which it applies
In the range covered, the error appears suflicientl:
small to be neglected for practical purposes.

Although @urea 30 to 33 are accurate only fo
detmmhing the relative take-off,runs of airplaneswitl
various wing and power loadings and arrangements o
the l?owler flap, it is believed that they may be appliel
within reasonable limits to actual cases. &sum@
good piloting technique, and using an automati
propeller, the data represent the minimum run tha
an airplane might be expected to need to clear a 50-foo
obstacle with a reasonable margin of speed. It is t{
be noted that the foregoing statement applies to case
in which the ground is at least as smooth and hard a
the average airport.

The computations appear, in general, to justify th
conclusion that, within the normal range of wing an
power loadings, a wing with a I?owler flap can produc
considerable improvement in take-off as compared wit
CLplain wing.
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TABLE II
PLAIN WING

(FlaP I’&l’80t2d)
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TABLE III
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TABLE X
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TABLE IX.-DATA FOR THE PARTLY RETRACTED
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AERODYN-C CHAIL4CI’ERISTICS OF A WJIWl WITH FOWLER FIAPS

TABLE XIII

COMPUTED TAEE-OFF RUNS IN FEET
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